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Available online 26 November 2007AbstractWe applied an image correlation method to Japanese Earth Resources Satellite-1 (JERS-1) synthetic aperture radar (SAR) data
obtained from 1996 to 1998 to examine flow velocity within Shirase Glacier, Antarctica. From the grounding line to the downstream
region of the glacier, the obtained ice-flow velocity was systematically higher on the western streamline than the eastern. The dif-
ferences between the two streamlines were 0.31 km/a in 1996 and 0.37 km/a in 1998, significantly larger than the error estimate of
0.03 km/a. The direction of ice flow was about 312 at the grounding line and changed to 327 at 10 km, 346 at 20 km and 2 at
30 km downstream from the grounding line. The total accumulated deflection is 50 to the east. Under the assumption of the con-
servation of ice mass across the glacier, the observed eastward change in flow direction can be explained by an asymmetric deep-
ening of bedrock topography, that is, across the 8 km width of the glacier, the eastern side is 50 m (10%) deeper than the western
side. This eastward turning of flow direction appears to be accelerated by tributary inlets, that flow to the north and northeast at
60e75% of the velocity of inlets on the western streamline.
 2007 Elsevier B.V. and NIPR. All rights reserved.
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Fujii (1982), among others, estimated the number of
ice streams in Antarctica to be approximately 260.
Among these ice streams, Shirase Glacier (Fig. 1) has
the fastest flow speed, being about 2.3 km/a at the
grounding line (e.g., Rignot, 2002; Nakamura et al.,
2007). Although the interferometric technique of syn-
thetic aperture radar (SAR) has been used to derive
the annual mean velocity of Shirase Glacier (e.g., Pattyn* Corresponding author. Present address: National Institute of
Advanced Industrial Science and Technology, Geologic Remote Sens-
ing Research Group, AIST central 7, Higashi 1-1-1, Tsukuba, Ibaraki
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1873-9652/$ - see front matter  2007 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2007.09.003and Derauw, 2002; Rignot, 2002), the limited time cov-
erage of the European Remote Sensing Satellite (ERS)
tandem mission and the relatively fast decorrelation of
the obtained SAR images makes it impossible to esti-
mate seasonal variations in flow speed, especially in
comparing summertime and wintertime velocities.
In an accompanying paper (Nakamura et al., 2007),
we applied an image correlation method to Japanese
Earth Resources Satellite-1 (JERS-1) SAR scenes ar-
chived in the National Institute of Polar Research
(NIPR). Based on an analysis of 15 successive scenes
(repeat period, 44 days) spanning the interval from 30
April 1996 to 1 July 1998, we successfully determined
seasonal variations in flow velocity and the detailed
structural characteristics of the upstream region, the
area around the grounding line, and the downstreamreserved.
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Fig. 1. (a) Map of Lu¨tzow-Holm Bay, East Antarctica. The rectangle
defines the area of Shirase Glacier analyzed in the present study. (b)
Location of the grounding line (as determined by Yamanokuchi et al.,
2005) overlain upon a JERS-1 SAR image taken on 30 April 1996.
The upstream region extends from Dronning Maud Land (the Mizuho
Plateau) to the grounding line, while the downstream region extends
from the grounding line to Lu¨tzow-Holm Bay. Three representative
streamlines are defined: the western, central, and eastern streamlines.
64 K. Nakamura et al. / Polar Science 1 (2007) 63e71region toward the floating ice tongue in Lu¨tzow-Holm
Bay.
One of the most significant results of this analysis
was the discovery of an asymmetry in flow velocity be-
tween the eastern and western streamlines, where an
overview of Shirase Glacier and definitions of geo-
graphic features are shown in Fig. 1. The western and
eastern areas are defined in relation to the central
streamline, as determined from typical flow patterns ob-
served in the intensity image. The western and eastern
streamlines are defined as the zones located about
4 km west and east of the central streamline, respec-
tively. Hereafter, we focus on the observed eastewest
asymmetry in the flow velocity of Shirase Glacier,
and seek to answer the question of why Shirase Glacier
is turning its flow direction eastward.2. Summary of Nakamura et al.’s (2007) analysis
Table 1 lists the acquisition dates of the JERS-1 SAR
scenes analyzed previously using an image correlation
method. The 15 scenes cover the two summers and
two winters of 1996 and 1997; the definitions of the
seasons are described in detail in Nakamura et al.
(2007). Given that the details of the image correlation
method are described in Nakamura et al. (2007), we
focus here on error estimates for the obtained flow
velocities.
We first generated SLC (single-look complex) im-
ages from the raw JERS-1 SAR data. Next, we precisely
estimated the range and azimuth offsets to sub-pixel
accuracy and accurately co-registered the master and
slave scenes. We then generated a multi-look amplitude
imagewith 2 looks in range and 6 looks in azimuth. This
multi-look processingwas necessary to suppress speckle
noises in the SLC images. Multi-look geocoded ampli-
tude (MGA) images were generated with reference to
the RADARSAT Antarctic Mapping Project (RAMP)
image dataset (Jezek and RAMP Product Team, 2002)
using World Geodetic System 1984 (WGS84)Table 1
List of the JERS-1 SAR data used in the present analysis
(1) 30 Apr 1996 (8) 14 Jul 1997 (11) 06 Jan 1998
(2) 13 Jun 1996 (9) 27 Aug 1997 (12) 19 Feb 1998
(3) 27 Jul 1996 (10) 10 Oct 1997 (13) 04 Apr 1998
(4) 09 Sep 1996 (14) 18 May 1998
(5) 23 Oct 1996 (15) 01 Jul 1998
(6) 06 Dec 1996
(7) 19 Jan 1997
© NIPR/JAXA/METI © NIPR/JAXA/METI
38.0ºE 39.0ºE 40.0ºE
38.0ºE
7
0
.
5
º
S
7
0
.
0
º
S
6
9
.
5
º
S
6
9
.
5
º
S
7
0
.
0
º
S
7
0
.
5
º
S
39.0ºE 40.0ºE
38.0ºE 39.0ºE 40.0ºE
38.0ºE
7
0
.
5
º
S
7
0
.
0
º
S
6
9
.
5
º
S
6
9
.
5
º
S
7
0
.
0
º
S
7
0
.
5
º
S
39.0ºE 40.0ºE
a b
0 100 200 300 400
Flow velocity (m/44-days)
0 100 200 300 400
Flow velocity (m/44-days)
Fig. 2. Distribution map of ice flow vector (m/44-days) of Shirase Glacier derived from JERS-1 SAR images. (a) Between 13 June and 27 July
1996 as winter season. (b) Between 06 January and 19 February 1998 as summer season. In Fig. 2(a), tributary flow vectors from western-side
Prince Harald Coast are indicated by red circle nearby the grounding line, green circle at the 10 km downstream region, and blue circle at the
20 km downstream region, respectively.
65K. Nakamura et al. / Polar Science 1 (2007) 63e71coordinates, and were subsequently transformed into
Universal Transverse Mercator (UTM) coordinates.
Fig. 2 shows two examples of the most likely ice-
flow velocity distribution within Shirase Glacier:
Fig. 2(a) for the winter season (between 13 June and
27 July of 1996) and Fig. 2(b) for the summer season
(between 6 January and 19 February of 1998). For
each JERS-1 SAR scene, pixel size was As¼ 34.8 m
in the azimuth direction and Rs¼ 28.0 m in the range
direction. The matching window (feature window)
was taken as m pixels in azimuth and n pixels in range.
We calculated appropriate values of m and n by refer-
ring to the size of an iceberg (approximately 1 km2) lo-
cated at the calving front of Shirase Glacier, thereby
adopting m¼ 32 and n¼ 32.
By shifting the center position of the feature window,
we calculated the normalized correlation coefficient r to
attain a threshold value of 0.20; the definition of r is de-
scribed in detail in Nakamura et al. (2007). The obtained
values range from 0.24 to 0.95, with an average of 0.54.
In the case that the feature mismatch attains thedecorrelation limit of1 pixel unit, the maximum error
of the ice flow becomes ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR2S þ A2s
p ¼ 36:3 m for the
displacement V and tan1(Rs/As)¼25.6 for the di-
rection D. The absolute error of the ice-flow velocity is
therefore 36.3 m/44-days 365 days¼0.30 km/a.
The ratio of the absolute error (0.30 km/a) to the an-
nual mean velocity at the grounding line (2.33 km/a),
i.e., 0.13, can be empirically considered as the relative
error of the displacement of nearby features. The
relative error of ice-flow velocity is then 0.30 km/a
0.13¼0.04 km/a for the flow magnitude and
25.6  0.13¼3.3 for the flow direction.
Fig. 3(a) shows the time evolution of ice-flow veloc-
ity along the central streamline. The velocities at the
grounding line, as derived by interferometry SAR
(open circles in Fig. 3; Yamanokuchi et al., 2005), are
around 280.0 m/44-days (2.32 km/a), without seasonal
variation; this finding is consistent with the results of
Rignot (2002). Velocities in the region located 30 km
upstream from the grounding line (black circles in
Fig. 3) are about 28.0 m/44-days (0.23 km/a), while
66 K. Nakamura et al. / Polar Science 1 (2007) 63e71velocities in the region located 30 km downstream from
the grounding line, in Lu¨tzow-Holm Bay (crosses in
Fig. 3), are 325.2e446.7 m/44-days (2.70e3.71 km/
a). It is remarkable that the velocities recorded in the
downstream region show enhanced seasonal variation
and a slightly increasing linear trend over the period
from 1996 to 1998.
3. Difference between the eastern and western
streamlines
The advantage of the employed image correlation
method is that detailed two-dimensional velocity distri-
butions can be mapped onto Shirase Glacier, as illus-
trated in Fig. 2(a) and (b). We can also plot the1996 1997 1998
Apr Jun Jul Sep Oct Dec Jul Aug Jan Feb Apr May
-Jun -Jul -Sep -Oct -Dec -Jan -Aug -Oct -Feb -Apr -May -Jul
Date
0
100
200
300
400
500
600
F
l
o
w
 
v
e
l
o
c
i
t
y
 
(
m
/
4
4
-
d
a
y
s
)
a b
0
100
200
300
400
500
600
F
l
o
w
 
v
e
l
o
c
i
t
y
 
(
m
/
4
4
-
d
a
y
s
)
1996
Apr Jun Jul Sep Oct Dec
-Jun -Jul -Sep -Oct -Dec -Jan
D
c
Fig. 3. Time series of ice-flow velocity along the three representative stream
black circles indicate the velocities at the region located 30 km upstream f
located 30 km downstream from the grounding line, within Lu¨tzow-Hol
streamline.obtained velocities along the western and eastern
streamlines defined in Fig. 1. Fig. 3(b) shows the time
evolution of the obtained flow velocities along the west-
ern streamline, while Fig. 3(c) shows the equivalent
data for the eastern streamline. A comparison of
Fig. 3(b) and (c) clearly reveals that velocities in the
downstream region of the western streamline are higher
than those of the eastern streamline. In addition, the an-
nual variation in flow velocity is greater along the west-
ern streamline than along the eastern streamline. This
asymmetry in the flow pattern is also apparent in Table
2, which provides a summary of the velocity data.
In the upstream region, the velocity differences be-
tween the western and eastern streamlines were
0.12 km/a in 1996, 0.11 km/a in 1997, and 0.07 km/a0
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Table 2
Annual mean flow velocities within Shirase Glacier. (a) Upstream re-
gion. (b) Grounding line. (c) Downstream region. (d) Terminus of the
floating ice tongue. For definitions of the terms used to describe differ-
ent parts of the glacier (e.g., western streamline), see Fig. 1
Upstream region (a)
Western streamline Central streamline Eastern streamline
1996 1.29 km/a 1.17 km/a 1.17 km/a
1997 1.29 km/a 1.18 km/a 1.18 km/a
1998 1.29 km/a 1.19 km/a 1.22 km/a
Grounding line (b)
Western streamline Central streamline Eastern streamline
1996 2.40 km/a 2.32 km/a 2.20 km/a
1997 2.44 km/a 2.32 km/a 2.20 km/a
1998 2.47 km/a 2.34 km/a 2.23 km/a
Downstream region (c)
Western streamline Central streamline Eastern streamline
1996 2.77 km/a 2.62 km/a 2.46 km/a
1997 2.84 km/a 2.70 km/a 2.55 km/a
1998 3.03 km/a 2.82 km/a 2.66 km/a
Terminus of the floating ice tongue (d)
Western streamline Central streamline Eastern streamline
1996 3.28 km/a 3.05 km/a 2.71 km/a
1997 3.32 km/a 3.11 km/a 2.88 km/a
1998 3.82 km/a 3.50 km/a 3.15 km/a
67K. Nakamura et al. / Polar Science 1 (2007) 63e71in 1998. Given that the relative error of the image cor-
relation method was 0.04 km/a, the obtained annual
differences appear to be significant. We recorded no
temporal variations in flow velocity in the area of the
grounding line, but the velocity differences between
the western and eastern streamlines were 0.20 km/a in
1996 and 0.24 km/a in 1997 and 1998. For the down-
stream region, the velocity differences between the
western and eastern streamlines were 0.31 km/a in
1996, 0.29 km/a in 1997, and 0.37 km/a in 1998. These
differences are considered to be significant, as they are
an order of magnitude larger than the relative error in-
volved in calculating the displacements of given fea-
tures. It is remarkable that the velocities calculated for
all three streamlines (Table 2(c)) increased by approxi-
mately 0.2 km/a over the period from 1996 to 1998.
This increase is likely to be related to the discharge of
the floating ice tongue from Lu¨tzow-Holm Bay between
4 April 1998 and 18 May 1998.
4. Deflection in the direction of ice flow
The direction angle of ice flow along the central
streamline is shown in Fig. 4, where a northward head-
ing is defined as 0. The direction of ice flow in theupstream region, above the grounding line (thick solid
circle in Fig. 4), is about 312 (NW). The direction of
ice flow changes progressively eastward to 327 at
10 km downstream of the grounding line, 346 at
20 km, 2 at 30 km, and close to 5 at the terminus of
the floating ice tongue. The total accumulated deflection
in flow direction along the course of the glacier is 53.
The fact that the velocity along the western stream-
line is higher than that along the eastern streamline
might partly be explained by the asymmetric nature of
the subglacial bedrock topography in the area of the
grounding line. Yamanokuchi et al. (2005) reported
the asymmetric shape of interferometric SAR fringes
at the grounding line, which in the western part of the
grounding line are located about 5e10 km further
northward into Lu¨tzow-Holm Bay than those in the
eastern part. Vaughan (1995) studied the tidal flexure
of the ice shelf using GPS, and reported a zone of
1e10 km width around the grounding zone in which
the elastic rheology is potentially appropriate in terms
of explaining vertical deformation and dynamics of
the grounding zone. In the case of subglacial Lake Vos-
tok, within the East Antarctic continent, this transient
zone is relatively wide and pronounced, forming
a ring-shaped feature (Dietrich et al., 2001). Therefore,
we can reasonably consider that the depicted asymmet-
ric interferometric SAR fringes reflect the occurrence of
a northward-elongated contact zone within which me-
chanical interaction is taking place between the bottom
of the ice sheet and the bedrock surface.
The flow of glacial ice can be reasonably approxi-
mated as that of an incompressible fluid, and the law
of conservation of mass can be applied to each stream-
line of the ice mass without interference from adjacent
streamlines; this is shown schematically by parallel vec-
tors in Fig. 5. The shape of the transect will not alter
with the downward passage of a given section of the
ice mass (e.g., a 1 km segment). The multiple of the av-
erage velocity of each streamline v and the underlying
ice thickness d will therefore remain constant, giving
the following relation:
vcdc ¼ vwdw ¼ vede; ð1Þ
where vc, vw, and ve denote the average velocities of the
central, western and eastern streamlines, respectively,
and dc, dw, and de denote the average ice thicknesses
at the central, western, and eastern streamlines, respec-
tively. Eq. (1) corresponds to the equation of continuity,
and can be modified to
vcdc ¼ ðvc þDvwÞðdcDdwÞ ¼ ðvcDveÞðdcþDdeÞ;
ð2Þ
vw
ve
vc
dw dedc
Fig. 5. Schematic diagram showing the relation between flow vectors
and ice thickness. vc, vw, and ve are the average velocities of the central,
western, and eastern streamlines, respectively, while dc, dw, and de are
the ice thicknesses at the central, western, and eastern streamlines, re-
spectively. Ddw and Dde represent the differences between dc and dw
and between dc and de, respectively, while Dvw and Dve represent
the differences between vc and vw and between vc and ve, respectively.
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Fig. 4. Downstream changes in the direction of ice flow within Shirase Glacier. Dotted, dashed, and solid lines represent ice-flow velocities for the
years 1996, 1997, and 1998, respectively. Red lines indicate summer seasons, and blue lines indicate winter seasons. Light blue lines indicate
periods after the floating ice tongue had discharged in 1998, and green lines indicate other periods. The bold circle indicates the location of
the grounding line.
68 K. Nakamura et al. / Polar Science 1 (2007) 63e71whereDdw andDde represent the differences between dc
and dw and between dc and de, respectively, and Dvw and
Dve represent the differences between vc and vw and be-
tween vc and ve, respectively. Under the assumption of
a first-order approximation, Eq. (2) results in
Ddw ¼ dc
vc
Dvw ð3Þ
and
Dde ¼ dc
vc
Dve: ð4Þ
In Eqs. (3) and (4), we set the value of dc to 530 m,
following Fujii (1982). For vc, vw, and ve, we used
the average annual velocities calculated for the period
1996e1998: 2326, 2433, and 2210 m/a, respectively
(Table 2(b); grounding line). As a result, the calcu-
lated dw and de are 507 and 558 m; the eastern side
of Shirase Glacier is therefore about 50 m (10%)
deeper than the western side across the 8 km width
of the region of concern. Thus, the bedrock topogra-
phy can be considered to exhibit an eastewest asym-
metry, resulting in a faster flow velocity along the
western part of the glacier than along the eastern,
leading in turn to an eastward change in flow direction
69K. Nakamura et al. / Polar Science 1 (2007) 63e71over the region located 10 km downstream from the
grounding line.
An additional factor that may contribute to the ob-
served eastward change in flow direction is the tributary
inlets from the west side of Prince Harald Coast (Fujii,
1981). For example, the red-circled arrow in Fig. 2(a),
located immediately seaward of the grounding line,
has a flow magnitude of 174.6 m/44-days (1.64 km/a)
and flow direction that is about 40 eastward of that
for the adjacent arrow on the western streamline, which
has a flow magnitude of 288.2 m/44-days (2.39 km/a).
Similarly, at a site located 10 km downstream, the
green-circled arrow in Fig. 2(a) has a magnitude of
234.6 m/44-days (1.95 km/a) and a flow direction at
90 to that on the western streamline, which has
a magnitude of 329 m/44-days (2.73 km/a). At 20 km−
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Fig. 6. Subglacial bedrock topography in the Shirase Glacier region, as c
represents the outline of Shirase Glacier; the blue line at 70S, 39E repredownstream, the blue-circled arrow has a magnitude
of 287.9 m/44-days (2.39 km/a) and a flow direction
at 20 to that on the western streamline, which has
a magnitude of 385.1 m/44-days (3.19 km/a). The
above velocity ratio between the flow velocity of the
tributary and that of the western streamline increases
from 61% near the grounding line to 71% on the line lo-
cated 10 km downstream, and 75% on the line located
20 km downstream. We can therefore conclude that
the entire main ice stream is floating (i.e., not in contact
with bedrock) at around 20 km downstream from the
grounding line. This lack of mechanical contact at the
base of the ice stream facilitates the clockwise deflec-
tion of the main stream in response to pushing forces
from the tributary flows that move to the north and
northeast.0
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ompiled from BEDMAP by Lithe et al. (2000). The light gray line
sents the grounding line.
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topography
There is little information available on bedrock to-
pography in the region of Shirase Glacier; however, in
compiling the sea bottom topography in Lu¨tzow-
Holm Bay based on acoustic echo soundings, Moriwaki
and Yoshida (1983) revealed that the drowned glacial
trough (500e800 m deeper than surrounding areas) ex-
tends more than 60 km from the mouth of Shirase Gla-
cier towards 69.5S, reaching the middle of Lu¨tzow-
Holm Bay. Cross-track profiles across the trough show
a general eastewest asymmetry: the eastern wall is
steep (slope angle of 8e11), with a clearly defined up-
per edge, whereas the western wall is less steep, and the
wall edge is obscure (Moriwaki, 1979). Shibuya and
Tanaka (1983) analyzed airborne magnetic survey data
collected by the Japanese Antarctic Research Expedi-
tion along several transects over Shirase Glacier, and
interpreted the obtained geomagnetic anomalies on the
basis of the synthetic subglacial topography of uniform
magnetization, and also obtained the asymmetric
bedrock topography.
Direct measurements of subglacial bedrock topogra-
phy have also been made from radio echo soundings
carried out during the Soviet Antarctic Expeditions,
and Lithe et al. (2000) compiled the BEDMAP image
reproduced in Fig. 6. The BEDMAP also shows a broad
asymmetry, with a relatively shallow western side and
deep eastern side in the area around the grounding
line (thick blue line near 70S, 38E). Given that Shir-
ase Glacier can be considered as flowing on wet-based
basement, the flow pattern will follow parallel stream-
lines (see Fig. 5), and the asymmetric bedrock topogra-
phy is consistent with the calculated asymmetry in flow
velocities, being higher on the western side than on the
eastern. A joint Japanese-German project carried out
detailed airborne magnetic, gravimetric, and ice radar
surveys in the area of Shirase Glacier during 2006
(Nogi et al., 2006). The updated version of BEDMAP
that will result from these surveys will enable a more
refined interpretation of the eastward change in flow
direction of Shirase Glacier.
6. Concluding remarks
To investigate the turning its flow direction eastward
in flow direction of Shirase Glacier, we applied an
image correlation method to archived JERS-1 SAR im-
ages and derived seasonal and annual variations in ice
flow along the eastern and western streamlines. The ve-
locity along the downstream region of the westernstreamline (0.29e0.37 km/a) is significantly higher
than that along the eastern streamline. In association
with this asymmetry in flow speed, the direction of ice
flow changes from 312 at the grounding line to 2 in
the area 30 km downstream, representing a total east-
ward change in flow direction of 50.
The change in flow direction can be partly ex-
plained by the asymmetry of the bedrock topography
and partly by the pushing forces of inlets from the
western tributary streamlines and sheet flows. Within
the region located 10 km downstream from the ground-
ing line, the eastern side of the glacier is 50 m (10%)
deeper than the western side across its 8 km width.
Moreover, the downstream region is considered to be
deflected further eastward by pushing forces from trib-
utary inlet flows and sheet flows along the Prince
Harald Coast.
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